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ABSTRACT 
 
Calcium Signaling Mechanisms Mediate Clock-Controlled ATP Gliotransmission 
among Immortalized Rat SCN2.2 Cell Cultures. (August 2009) 
Jeffrey Franklin Burkeen, B.S., University of Notre Dame 
Chair of Advisory Committee: Dr. Mark J. Zoran 
 
 The hypothalamus is an integral part of the brain’s regulation of mammalian 
physiology and behavior.  Among many functions, this regulatory center activates the 
sympathetic nervous system, maintains appropriate body temperature, controls food 
intake, and controls release of hormones from the pituitary gland.  Deep within the 
hypothalamus lie a paired cluster of cells, the suprachiasmatic nuclei (SCN), which 
function as the chief circadian pacemaker.  The goal of the present thesis research was to 
study rhythmically controlled ATP gliotransmission.  I used an immortalized SCN2.2 
hypothalamic cell line to determine the mechanism by which ATP signaling is regulated 
in this context.  Additionally, this research aimed to elucidate if clock-controlled ATP 
gliotransmission is fundamentally distinct from stimulus-evoked calcium-dependent 
mechanisms that regulate intercellular ATP signaling among astrocytes. 
 In this thesis, I show that there are multiple ATP signaling mechanisms present 
among SCN2.2 cells.  cAMP-dependent signaling mediates clock-controlled ATP 
accumulation but not stimulus-evoked ATP signaling.  In addition, pharmacological 
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studies suggest that disparate purinergic receptor-mediated mechanisms are involved in 
the regulation of clock-controlled versus stimulus-evoked ATP signaling.    
 Rhythmic accumulation of ATP in SCN2.2 cultures is modulated by calcium-
dependent processes.  Peaks in ATP accumulation coincide with elevated mitochondrial 
calcium levels, while troughs in ATP accumulation coincide with periods of high 
cytosolic calcium levels, suggesting a possible mechanistic link between circadian shifts 
in intracellular calcium handling and ATP handling in SCN2.2 cells.    Clock-controlled 
ATP accumulation in SCN2.2 cells is not a by-product of rhythmic cell cycle or 
rhythmic cell death.   
 Overall, my research suggests that the ATP accumulation rhythm in SCN2.2 cells 
is likely an output of the biological clock, mediated by astrocytic calcium signaling 
processes, and not an output of cell division or cell death.  Estimation of ATP 
accumulation in SCN2.2 cultures at peak time points suggests that clock-controlled ATP 
release is critical to the function of astrocytes in the mammalian brain, perhaps in the 
regulation of brain metabolism, the regulation of sleep/wake physiology, or the 
integration of both.   
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CHAPTER I 
 
INTRODUCTION 
 
 
 The rotation of the earth around its axis generates daily environmental cycles.  
The daily change of greatest importance to organisms is the alternation of light and 
darkness.  Many animal activities exhibit daily rhythmicity in synchrony with the 24 
hour day, which consists of: light (day), a variable interval of darkness (night), and two 
twilights (dawn and dusk).  This periodic succession of night and day has influenced life 
on earth for millions of years.  In mammals, these periodic changes in the environment 
have been “internalized” in the form of an endogenous circadian clock.  Its main 
function is to organize the time course of physiological, hormonal, and behavioral 
processes to enable the organism to anticipate these changing environmental conditions 
properly.  The daily rhythms of behavior and physiology in mammals are generated and 
orchestrated from within a biological or circadian clock located in the anterior 
hypothalamus, the suprachiasmatic nuclei (SCN). 
 
The Suprachiasmatic Nuclei  
The SCN is the chief circadian pacemaker and biological clock in mammals.  
The location of this cellular clock within the hypothalamic SCN was discovered in the 
early 1970s (Moore and Eichler, 1972).  Conclusive evidence that the SCN indeed  
____________ 
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comprises the master circadian pacemaker came from combined lesion and 
transplantation studies.  Transplantation of SCN tissue from mutant donor animals into 
SCN-lesioned wild-type hosts (or vice versa) conferred the circadian phenotype of the 
donor to the host (Ralph et al., 1990; Sujino et al., 2003).  More recently, it became clear 
that the endogenous rhythm of the master oscillator is generated by a suite of clock 
genes, forming different sets of interlocking transcriptional/translational feedback loops 
(Kalsbeek et al., 2006).  Despite this vast increase in recent knowledge, the link between 
the transcriptional and translational events of the molecular clock, on one hand, and the 
metabolic and electric activity of the SCN neurons (i.e., the output of the endogenous 
clock), on the other, is still not known.  Moreover, the manner in which individual SCN 
neurons are assembled to create an integrated tissue pacemaker that can moderate the 
circadian behavior of an entire animal remains largely elusive (Kuhlman and McMahon, 
2006). 
The primary input pathway to the SCN is through retinal detection of light.  
Remarkably, the retinal photoreceptors that lead to visual image formation are not 
needed for circadian photoreception.  Instead, a specialized population of intrinsically 
photosensitive retinal ganglion cells detects light and also projects directly to the SCN.  
In rodents, the retinohypothalamic tract (RHT) is composed primarily of the axons of 
these special ganglion cells, and the RHT is necessary for synchronization of the SCN 
clock to light. 
The main output of the SCN is encoded by the neuronal firing rate of SCN 
neurons.  In addition to direct synaptic interactions, rhythmic neuropeptide secretion into 
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the cerebrospinal fluid may be an important mechanism for regulation of downstream 
targets.  Circadian rhythms in cellular metabolism, neuropeptide secretion, electrical 
activity, and gene expression are endogenous to the SCN in vivo and persist following 
isolation of SCN cells in vitro (Klein et al., 1991).  Anatomically, the outputs of the SCN 
are focused within the hypothalamus, but their influence is widespread, consistent with 
the pervasive influence of the SCN on physiological functions ranging from the 
modulation of cognitive function to timing of neuroendocrine signaling. 
The SCN is located directly above the optic chiasm in the anterior hypothalamus.  
It is organized into two compartments, the core and the shell.  The core lies adjacent to 
the optic chiasm and comprises predominantly neurons producing vasoactive intestinal 
peptide (VIP) or gastrin-releasing peptide (GRP) co-localized with GABA and receives 
dense visual and midbrain raphe efferents (Moore et al., 2002).  The shell surrounds the 
upper portion of the core and contains a large population of arginine vasopressin (AVP)-
producing neurons in the dorsomedial portion, and a smaller population of calretinin 
(CAR)-producing neurons dorsally and laterally, colocalized with GABA.  The shell 
receives input from non-visual cortical and subcortical regions. 
SCN neurons from nocturnal and diurnal animals have shown synchronized 
circadian fluctuation in firing rate, with high firing rate occurring during subjective day 
and little to no firing activity occurring during subjective night (Gillette and Reppert, 
1987) or high firing during midday in animals kept on an LD cycle (Yamazaki et al., 
1998).  The circadian rhythmicity in neuronal firing is controlled by the ‘clock’ found in 
each individual oscillator.  The clock is comprised of several genes that participate in 
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transcriptional-translational feedback loops that activate and inhibit clock gene 
expression.  These genes can also activate transcription for a number of clock-controlled 
genes, some of which can alter firing rate within individual neurons through 
transcriptional or posttranslational modification (Pennartz et al., 2002).  Photic input 
from retinal ganglion cells activates the transcriptional-translational feedback loop in 
individual retinorecipient oscillators that are coupled somehow to produce 24-hour 
rhythms in firing. 
The central model system of the following research is an immortalized cell line 
derived from the rat SCN (SCN2.2) which retains the endogenous oscillatory and 
pacemaking properties of the SCN in vitro and in situ.  SCN 2.2 cells are capable of 
intrinsically generating self-sustained rhythms of gene expression and metabolism, of 
imposing these oscillations on cocultured fibroblasts, and of restoring behavioral 
rhythmicity when transplanted into SCN-lesioned hosts (Allen et al., 2001; Earnest et al., 
1999).  SCN2.2 cell cultures will be used in this research because of their significance to 
biological clock function, and also because of their emerging utility as a mammalian 
model system for the study of neural cell-cell signaling. 
 
Astrocytic Cell-Cell Signaling 
Cellular communication between neural cells has been well-researched and has 
highlighted the importance of glial cells in regulating synaptic transmission, leading to 
the proposal that synapses are tripartite (Araque et al., 1999).  Chemical synapses are 
formed by the presynaptic neuron, from where neurotransmitters are released, the 
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postsynaptic neuron, which receives and integrates the information, and by a third 
component represented by astrocytic processes that tightly envelop neuronal elements. 
Because of this close anatomical relationship, astrocytes participate and/or regulate 
several brain functions including synaptic transmission, synaptogenesis and synaptic 
plasticity (Haydon, 2001).  These glial cells express many ion channels, transporters, and 
receptors through which they can detect modifications in their environment.  Following 
either agonist or synaptic stimulation, astrocytes respond with an increase in intracellular 
calcium (Araque and Perea, 2004).  This signal is important because it can often spread 
via second messengers through gap junctions into adjacent astrocytes to generate 
calcium waves (Bennett et al., 2003) and transmit information to sites distant from its 
origin.  Spontaneous (Parri et al., 2001) and evoked (Porter and McCarthy, 1996; Pasti et 
al., 1997) calcium increases in astrocytes induce the release, through vesicular and non-
vesicular pathways, of active substances termed gliotransmitters (Volterra and 
Meldolesi, 2005).  Gliotransmitters include ATP, glutamate, taurine, and d-serine 
(Panatier and Oliet, 2006).  Once released into the extracellular space, these molecules 
act on purinergic, glutamatergic, and glycinergic receptors located on adjacent neuronal 
elements, thereby regulating synaptic function and overall neuronal excitability. 
Astrocytes are extensively coupled by gap junctions.  A gap junction is an 
intercellular channel, composed of connexon protein subunits, which acts as a small pore 
connecting the cytoplasm of two cells (Dermietzel and Spray, 1993).  Gap junctions 
allow passage of small ions between the cells they connect, resulting in electrical 
coupling.  They also allow passage of small molecules up to 1 kDa, including such 
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signaling molecules as calcium, cAMP, and IP3.  Astrocytic gap junctions are primarily 
composed of Cx43 (Dermietzel et al., 1991), while the connexins composing gap 
junctions in neurons may include Cx26 and Cx32 (Dermietzal et al., 1989).  Though gap 
junction communication plays a major role in cellular homeostasis, differentiation, and 
growth, it is not an exclusive cell-to-cell process.  Recent work suggests that unapposed 
hemichannels may permit the passage of molecules between the cytoplasm and 
extracellular surroundings (Ebihara, 2003), and that a member of the gap junction 
protein family, the pannexin channel, might play a specific role in astrocyte biology. 
Pannexins are implicated in the regulation of astrocytic apoptosis and ATP signaling via 
the particular purinergic receptor, P2X7 (Locovei et al., 2007).  
Hypothalamic astrocytes also communicate via gliotransmitter release.  
Astrocytes express calcium excitability, which stimulates them to release chemical 
transmitters such as glutamate and ATP.  Just as neurons express excitability as a 
function of voltage-gated ion channels opening in the plasma membrane, astrocytes 
express their own form of excitability through elaborate calcium signals and the 
occurrence of calcium waves.  These calcium waves can be restricted to one cell 
(intracellular) or transmitted to neighboring cells (intercellular) (Scemes and Giaume, 
2006).  The basic steps that lead to intracellular calcium waves in astrocytes usually 
involve the activation of G-protein-coupled receptors, activation of phospholipase C, and 
the production of IP3, which following IP3R activation, leads to calcium release from the 
endoplasmic reticulum (ER).  Once triggered, intracellular calcium waves can be 
transmitted to neighboring cells as intercellular calcium waves.   
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Purinergic Signaling 
Separate families of purinergic receptors for adenosine (P1 receptors) and for 
ATP and ADP (P2 receptors) exist (Burnstock et al., 1978).  P2 receptors belong to two 
main families: a P2X family of ligand-gated ion channel receptors, and a P2Y family of 
G-protein-coupled receptors (Abbrachio and Burnstock, 1994).  At present, seven P2X 
and eight P2Y receptor subtypes are recognized, including receptors that are sensitive to 
pyrimidines as well as to purines, and sugar nucleotides such as UDP-glucose and UDP-
galactose (North, 2002; Abbrachio et al., 2003).  Members of the family of ionotropic 
P2X1-7 receptors have intracellular N and C termini that have consensus-binding motifs 
for protein kinases; two transmembrane (TM)-spanning domains, the first (TM1) being 
involved with channel gating and the second (TM2) lining the ion pore; and an ATP-
binding site, which might involve regions of the extracellular loop adjacent to TM1 and 
TM2 (Fields and Burnstock, 2006).  The metabotropic P2Y receptor subtypes 
(P2Y1,2,4,6,11-14) have an extracellular N terminus and an intracellular carboxyl terminus.  
These receptors have 7 TM-spanning regions, which help to form the ligand-docking 
pocket.  The intracellular loops and C terminus have structural diversity among P2Y 
subtypes, influencing the degree of coupling with GQ/11, Gs, and Gi proteins (Abbrachio 
et al., 2006).  Under certain conditions, P2Y receptors might form homo- and 
heteromultimeric assemblies, and many tissues express several P2Y subtypes.  In 
response to nucleotide activation, recombinant P2Y receptors either activate PLC and 
release intracellular calcium, or affect adenylyl cyclase and alter cAMP levels 
(Abbracchio et al., 2006). 
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Astrocytes in situ and in vitro express, at different levels, several ionotropic and 
metabotropic P2 purinergic receptors, some of which have been implicated in the 
transmission of calcium signals (Fumagalli et al., 2003).  Among the metabotropic P2Y 
receptors, the P2Y1R and P2Y2R subtypes are likely those predominantly expressed in 
astrocytes (Ho et al., 1995).  Although both of these G-coupled P2Rs generate PLC and 
IP3 upon stimulation and thus contribute to generating calcium transients, they differ 
with regard to their sensitivity and selectivity for nucleotides, with the exception of ATP 
that is an agonist (in the micromolar range) for both receptors, the purine diphosphate 
nucleotide ADP is a potent agonist (in the nanomolar range) at the P2Y1R while the 
pyrimidine triphosphate nucleotide UTP stimulates (in the micromolar range) P2Y2R 
but not P2Y1R (Burnstock and Knight, 2004).  
While the central nervous system contains multiple receptors for nucleotides 
such as ATP, UTP, ADP, and UDP, the presence of enzymes at the cell surface to 
readily hydrolyze ATP to form ADP and eventually adenosine is an important process 
(Wink et al., 2006).  Extracellular adenosine acts as a local modulator with a generally 
cytoprotective function in the body (Fredholm et al., 2001) and is a promising candidate 
for a sleep-inducing factor: its concentration is higher during wakefulness than during 
sleep, it accumulates in the brain during prolonged wakefulness, and local perfusions as 
well as systemic administration of adenosine and its agonists induce sleep and decrease 
wakefulness (Porkka-Heiskanen, 1999).  There are four known subtypes of adenosine 
receptors (ARs)—referred to as A1, A2A, A2B, and A3—each of which has a unique 
pharmacological profile, tissue distribution, and effector coupling (Jacobson and Gao, 
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2006).  All four subtypes are members of the superfamily of G-protein-couple receptors, 
and are most closely related to the receptors for the biogenic amines.  Extracellular 
adenosine levels are quite variable, depending on the tissue and the degree of stress 
experienced, and therefore the basal levels of stimulation of the four subtypes by the 
endogenous agonist vary enormously.  The sources of adenosine include release through 
an equilibrative transporter, a result of cell damage, or ectonucleotidase-mediated 
hydrolysis of extracellular adenine nucleotides (Zimmerman, 2000), which have their 
own signaling properties that are mediated by purinergic P2 receptors.  
Ectonucleotidases are present on the extracellular surface of many tissues and are 
crucially involved in numerous important functions (Zimmerman, 2000).  For example, 
in the brain, ectonucleotidases rapidly and effectively shift signaling by released adenine 
nucleotides and their products to signaling through ARs.  Astrocyte-derived adenosine, 
acting on A1ARs, has a central role in the integration of synaptic activity by astrocytes 
that leads to widespread coordination of synaptic networks (Halassa et al., 2009; Pascual 
et al., 2005).  Overall, it is important to understand the relationship between adenosine 
and ATP signaling in the SCN and their roles in sleep and wakefulness. 
 
ATP Release Mechanisms 
Though it is understood that cellular communication is facilitated by ATP release 
and binding to purinergic receptors, there is debate about the release mechanisms 
involved.  There is evidence for multiple pathways for ATP signaling in glial cells, and 
this research is designed, in part, to address this idea.  Synaptic vesicle release proteins 
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have been detected in astrocytes, and blocking their function using genetic or 
pharmacological methods inhibits ATP release, thereby affecting aspects of neuronal 
physiology (Pascual et al., 2005).  Transfection of a glial cell line with the gap junction 
proteins connexin 43, 32, or 26 increases ATP release and intercellular calcium wave 
propagation (Cotrina et al., 1998), suggesting that the gap junction proteins that are 
unpaired with those in adjacent cells (hemichannels) could mediate the release of ATP.  
However, altering expression of connexins can alter P2Y purinergic receptor expression 
in astrocytes (Suadicani et al., 2003), which could also affect calcium wave propagation, 
and many gap junction channel blockers are antagonists of the P2X7 receptor (Suadicani 
et al., 2006).  Other evidence supports a mechanism of ATP release from astrocytes 
through membrane channels with a large diameter pore, such as the P2X7 receptor, 
contributing to intercellular calcium waves (Arcuino et al., 2002).  ATP is also released 
from astrocytes during cell swelling (Darby et al., 2003), implicating membrane 
channels that are involved in osmoregulation or activated by membrane stretch.  
Altogether, many mechanisms for the release of ATP from cells have been identified in 
recent years, including vesicular (Bowser and Khakh, 2007) and non-vesicular release 
mechanisms of ATP (Queiroz et al., 1999).   
A central problem in this field of neural cell signaling research is to isolate 
specific gliotransmitter release mechanisms that operate in a given glial signaling 
context.  In my research, the context is the rhythmically controlled signaling of ATP 
from SCN hypothalamic cell cultures.  Recently, it has been demonstrated that global 
production and extracellular levels of ATP oscillate in a circadian fashion in SCN2.2 cell 
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cultures (Womac et al., 2009).  The average period (tau) of SCN2.2 oscillations in 
extracellular ATP levels was 23.0 hours as determined by luciferin-luciferase 
chemiluminescence detection.  Surprisingly, oscillations in this circadian clock-
controlled extracellular ATP accumulation were also consistently observed in cortical 
astrocyte cultures and hepatocyte cell lines.  These results suggested that circadian 
oscillations in extracellular ATP represent a physiological output of the mammalian 
cellular clock, common to both central pacemakers and peripheral oscillators.  Another 
recent study indicates that rhythmic extracellular ATP in the SCN may be 
mechanistically linked to the cellular events underlying calcium wave propagation (Cox, 
2007).  Intercellular calcium waves occur widely among different cell types.  A 
characteristic property of astrocytes grown in cell culture is that a calcium rise in one 
cell leads to a calcium rise in neighboring cells, thus generating a multi-cellular calcium 
wave.  Activation of metabotropic receptors (e.g. purinergic receptors) in the astrocyte 
plasma membrane causes a G-protein-dependent activation of phospholipase C, which 
leads to generation of IP3.  This is turn triggers calcium release from the endoplasmic 
reticulum (ER), which underlies propagating intercellular and intracellular calcium 
waves (Volterra et al., 2002).  ATP is the primary active messenger in these stimulus-
evoked calcium waves (Guthrie et al., 1999).  Extracellular ATP accumulation was 
correlated with significant rhythms in gliotransmission (calcium waves) in SCN2.2 cell 
cultures, where calcium waves were smaller when endogenous levels of extracellular 
ATP were higher and vice versa (Cox, 2007).  However, exogenously applied ATP 
reduced the spread of calcium waves at both the endogenous trough and peak in 
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extracellular ATP accumulation.  Therefore, exogenous ATP reduced the spread of 
calcium waves regardless of the time of application during the endogenous 24 hour ATP 
accumulation cycle, suggesting an underlying rhythm in purinergic responsiveness of the 
SCN2.2 cells to the exogenous ATP.   
Many questions are raised by the above studies examining clock-controlled ATP 
signaling and stimulus-evoked ATP-dependent calcium waves.  In the following 
chapters, I will present data that the circadian accumulation of ATP is mediated by 
calcium signaling mechanisms and not by cell cycle or cell death mechanisms among 
SCN2.2 cells.  Also, by the fact that astrocytes express multiple purinergic receptors 
with multiple potential cellular signaling actions, I propose that stimulation-evoked ATP 
signaling and clock-controlled ATP signaling represent distinct neural cell signaling 
processes in the SCN2.2 cell line and likely the SCN of the mammalian brain. 
This study utilizes SCN2.2 cells to investigate the relationship between ATP 
signaling and calcium signaling and whether these processes are mechanistically linked 
in the context of ATP accumulation rhythms.  First, I hypothesized that multiple ATP 
release mechanisms exist in SCN2.2 cells.  To test this hypothesis, luciferin-luciferase 
assays and calcium wave studies were conducted while experimentally manipulating 
cAMP and ATP signaling pathways.  Second, I postulated that calcium signaling 
influences the clock-controlled extracellular ATP accumulation rhythm.  To test this 
hypothesis, I conducted studies using modulators of cytoplasmic, mitochondrial, and 
endoplasmic reticulum calcium stores to assess the ability of calcium signaling to affect 
clock-controlled ATP signaling.  Finally, I hypothesized that cell cycle and cell death 
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mechanisms are not responsible in mediating rhythmic ATP accumulation. Therefore, I 
tested whether these two processes represent regulated physiological mechanisms in 
phase with the biological clock-controlled accumulation of ATP.  Using a cell cycle 
inhibitor as well as a caspase assay, cell cycle and cell death mechanisms were assessed 
in relation to the clock-controlled ATP accumulation rhythm. 
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CHAPTER II 
 
MATERIALS AND METHODS 
 
SCN2.2 Cell Culture General Protocol 
SCN2.2 cell cultures were derived from fetal progenitors of the rat SCN 
(embryonic day 15) immortalized with the adenovirus E1A gene (Earnest et al., 1999).  
Cells derived from a single passage were expanded onto multiple dishes (60mm; 
Corning, Corning NY)) coated with mouse laminin (Sigma, St. Louis, MO) and 
maintained in minimum essential medium (MEM; Invitrogen, Carlsbad, CA) containing 
10% fetal bovine serum (Hyclone, Waltham, MA), glucose (3000 µg/ml), L-glutamine 
(292 mg/ml), and 1% PSN antibiotic (penicillin, streptomycin, neomycin; 
Gibco/Invitrogen, Grand Island, NY) under constant temperature (37ºC) and 5% CO2 
conditions.  During cell passages, the medium was changed every 48 hours, and the 
cultures were passaged approximately every two days after they had reached confluent 
cell density.   
 
Luciferin-Luciferase (Luc/Luc) ATP Assay  
Imaging Luc/Luc chemiluminescence with CCD camera.  To analyze ATP 
levels in living cultures, chemiluminescent imaging was performed on SCN2.2 cells that 
were maintained in an incubator at 37ºC and 5% CO2 equipped with a liquid nitrogen-
cooled CCD camera (Versarray, Photometrics). The CCD was cooled to approximately    
-110ºC and images were captured using 5 min exposures in total darkness.  Intensities of 
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luminescence from the collected images were analyzed using MetaMorph 4.6 imaging 
software (Universal Imaging Corporation, Downingtown, PA).  Cell-free, 
chemiluminescence assays of extracellular ATP levels were performed by incubating 
aliquots (100 µl) of media samples with 1 µl of luciferase and 2 µl of luciferin (Sigma, 
St. Louis, MO) in wells of a black, 96-well plate (Thermo, Milford, MA).  
Quantification of ATP levels in culture media samples with TopCount 
Luminometer.  The TopCount luminometer-based assay was used for studies involving 
clock-controlled ATP accumulation of SCN2.2 cell cultures, as measured in media 
samples collected at specific time points.  SCN2.2 cell cultures in 60mm plastic dishes 
were placed in 10% FBS medium.  After 24 hours, cells were washed with 5% FBS 
medium and placed in 5% FBS medium for 24 hours.  After 24 hours in 5% FBS 
medium, the SCN2.2 cell cultures were washed with serum-free neurobasal medium two 
times and then placed in neurobasal medium for the duration of the study.  Timepoint 0 
was established after SCN2.2 cells were washed and placed in neurobasal media.  
Medium was then collected every 2 or 4 hours (dependent on the experiment), placed in 
a 2 ml cryotube, and snap-frozen in liquid nitrogen.  All cryotubes were then placed in a 
-80 ºC freezer until all samples were collected.  Once the time course was complete, the 
Luc/Luc assay of 1 µl of luciferase and 2 µl of luciferin was added to 100 µl of thawed 
sample medium already placed in a 96 well black plate.  Luc/Luc-loaded samples were 
read by a TopCount luminometer to quantify ATP chemiluminescence.  To quantify 
ATP from SCN2.2 cultures on 2-well glass chamberslides, cells were placed in 10% 
FBS medium in 60mm plastic dishes until confluence was obtained.  After 24 hours, 
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cells were trypsinized and plated to 2-well glass chamberslides in 5% FBS medium.  
Following this event, the time course was started (T0).  At T24, the 5% FBS medium 
was washed out with 2 neurobasal washes and replaced with neurobasal medium.  
Medium was then sampled every two hours for ATP analysis until ~T52, or until cell 
density forced termination due to reduction in cell adhesion.  Once the time course was 
complete, the Luc/Luc assay was performed on the samples in the same manner 
described above. 
Generation of ATP standard curve with CCD camera and TopCount 
Luminometer.  To approximate ATP levels in living SCN2.2 cultures and in conditioned 
culture medium, standard curves were generated for both the CCD-based imaging assay 
and the TopCount (TC)-based photomultiplier assay using known concentrations of 
ATP.  Chemiluminescence derived from culture media samples was calibrated relative to 
assay standards ranging from 1 pM to 100 nM ATP in unconditioned medium.  Internal 
controls consisting of unconditioned medium without ATP standard, luciferase, or 
luciferin were included on all analyzed plates.  In this analysis, ATP standards 
containing FBS exhibited a dose-dependent suppression of chemiluminescent signal and 
media samples from SCN2.2 cultures containing 10% FBS consistently produced lower 
signal intensities than those obtained from cultures maintained in serum-free medium.   
Luc/Luc assays were also performed to confirm that chemiluminescent activity 
was dependent on ATP in the culture medium.  Treatment with apyrase (50U/ml), an 
enzyme that degrades ATP, abolished detectable chemiluminescence in the medium 
 17
from SCN2.2 cultures, demonstrating that ATP is necessary to drive the Luc/Luc 
reaction in this assay. 
 
Fluorescence Microscopy Techniques 
Ratiometric imaging of stimulus-evoked calcium waves.  Confluent astrocyte 
cultures were sub-cultured onto 2-well glass chamberslides and allowed to grow to 
confluence (2-3 days).  Cells were loaded with 8 µM FURA-2 AM (Molecular Probes, 
Eugene, OR) in neurobasal medium for 1 hour at 37° C in a 5% CO2 cell culture 
incubator.  Cells were then washed 6-7 times with neurobasal medium.  Calcium 
imaging was conducted at room temperature with an Olympus IX70 inverted 
microscope.  Images were acquired using a CoolSnapHQ2 camera (Actimetrics, 
Wilmette, IL) and an entire field of cells was designated as a region of interest (ROI) for 
analysis.  A single glial cell was stimulated using mechanical stimulation with a 
micromanipulated, glass micropipette to elicit a calcium wave.  The area of the spread of 
the wave was calculated using SimplePCI 6.0 imaging software (Compix, Inc., 
Cranberry Township, PA).  Images were collected approximately every 0.5 seconds for 1 
minute in order to permit recording of the initiation and maximal extent of the spread of 
the calcium wave through each ROI. Even using the 20× objective, the wave 
occasionally spread beyond the field of view, indicating that the calculated areas of cells 
involved in the wave most likely underestimated the full extent of wave propagation. 
 Imaging of cytoplasmic and mitochondrial calcium.  To characterize 
cytoplasmic and mitochondrial calcium levels at given time points, cells were loaded 
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with either 4 µM FLUO-4 AM (Molecular Probes, Eugene, OR) or 8 µM RHOD-2 AM 
(Molecular Probes, Eugene, OR) in neurobasal medium for 1 hour at 37° C in a 5% CO2 
cell culture incubator. Cells were then washed 6-7 times with neurobasal medium.  
Calcium imaging was conducted at room temperature with an Olympus IX70 inverted 
microscope.  Both cytoplasmic (FLUO-4 AM) and mitochondrial (RHOD-2 AM) 
calcium fluorescence intensities were quantified using SimplePCI 6.0 imaging software 
(Compix, Inc., Cranberry Township, PA).  
 Quantifying cell count and caspase activity.  To quantify overall cell counts at 
specific ATP time points, 300 nM 4',6-diamidino-2-phenylindole (DAPI), a fluorescent 
marker of cell nuclei (Sigma, St. Louis, MO), was loaded for 5 minutes in neurobasal 
medium at 37° C in a 5% CO2 cell culture incubator.  Cells were then washed 6-7 times 
with neurobasal medium.  DAPI imaging was conducted at room temperature with an 
Olympus IX70 inverted microscope.  The cell counting analysis involved dividing up the 
collected image into 9 equal regions of interest and numbering those regions.  Three 
numbers were selected randomly and these three regions were then counted.  To 
approximate total number of cells per image, this number was then multiplied by three to 
account for all nine regions.  To quantify caspase activity, a CaspaTag Pan-Caspase In 
Situ assay kit (Millipore, Billerica, MA) was used to mark active caspase 7.  The 
methodology is based on Fluorochrome Inhibitors of Caspases (FLICA).  The inhibitors 
are cell permeable and non-cytotoxic. Once inside the cell, the inhibitor binds covalently 
to the active caspase 7.  This kit uses a carboxyfluorescein-labeled fluoromethyl ketone 
peptide inhibitor of caspase (FAM-LEHD-FMK), which produces a green fluorescence.  
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When added to a population of cells, the FAM-LEHD-FMK probe enters each cell and 
covalently binds to a reactive cysteine residue that resides on the large subunit of the 
active caspase heterodimer, thereby inhibiting further enzymatic activity.  The bound 
labeled reagent is retained within the cell, while any unbound reagent will diffuse out of 
the cell and is washed away.  The green fluorescent signal is a direct measure of the 
amount of active caspase present in the cell at the time the reagent was added.   
Following FLICA incubation, DAPI was added for 5 minutes to each cell culture.  
Imaging was conducted with an Olympus IX70 inverted microscope and images were 
captured and analyzed using SimplePCI software.  Cells were counted as described 
above.  
 
Characterization of Clock-Controlled and Stimulus-Evoked ATP Accumulation  
Prior to experimental analysis, SCN2.2 cells were propagated as described above.  
To allow quantification of ATP by Luc/Luc assay, SCN2.2 cells were put through a 
serum reduction protocol.  The serum reduction involved transferring living cultures of 
SCN2.2 cells from medium containing 10% FBS after 48 hours to medium containing 
5% FBS for 24 hours followed by transfer to serum-free neurobasal medium with B-27 
supplements.  SCN2.2 cells were grown to confluence on 60mm dishes while 
undergoing the serum reduction protocol described above.  Then, luciferin and luciferase 
were added to the neurobasal medium.  To evoke stimulation of ATP accumulation, 30-
50 µM diameter glass micro beads (Polysciences Inc., Warrington, PA) were dropped 
onto the confluent cells and subsequent production of light via the luciferin/luciferase 
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assay was captured by a cryo-cooled liquid nitrogen CCD camera.  Clock-controlled 
ATP accumulation in SCN2.2 cultures was imaged with the CCD camera as the basal 
(unstimulated) production of ATP chemiluminescence over time. 
 
Analysis of cAMP Signaling in the Regulation of ATP Accumulation 
 In both stimulus-evoked and clock-controlled ATP accumulation studies, 15 µM 
of forskolin (FSK) (Sigma, St. Louis, MO) in 0.1% DMSO (Sigma, St. Louis, MO) was 
added to SCN2.2 cell cultures to activate adenylate cyclase and the production of cAMP.  
To perform calcium wave studies, our physiological measure of stimulus-evoked ATP 
release, confluent SCN2.2 cells were incubated with 8 µM of FURA-2 AM, a fluorescent 
calcium indicator, for one hour prior to washout.  Parallel SCN2.2 cultures on glass 
coverslip chamber dishes were treated with 0.1% DMSO (control) for one hour at 37°C 
with 5% CO2.  Cells were washed with neurobasal media and fresh neurobasal media 
was added to each well prior to imaging.   
In stimulation-evoked ATP accumulation/calcium wave studies, cells were 
placed under an inverted Olympus IX70 microscope, manually stimulated with a 
micromanipulator-controlled glass micropipette tip to focally elicit a calcium wave, and 
ratiometric calcium imaging was conducted.  Data analysis was performed using 
SimplePCI 6.0 software, which captured each calcium wave as a sequence of images 
over a 30 second time period.  The software allowed for analysis of wave properties such 
as maximum area of spread and rate of spread to be measured and analyzed. 
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In clock-controlled ATP accumulation studies, rather than examining calcium 
wave spread, the luciferin-luciferase ATP assay was conducted on separate unstimulated 
(i.e., not evoked with external cues) SCN2.2 cells treated with FSK and DMSO in 24 
well plastic dishes.  A liquid nitrogen cryo-cooled CCD camera was used to capture and 
quantify the basal production of ATP-dependent chemiluminescence.   
 
Determination of Purinergic Clock-Controlled Signaling Pathways in ATP 
Accumulation  
 In both stimulus-evoked and clock-controlled ATP signaling studies, purinergic 
receptor antagonists were added to the culture medium to examine their effect on ATP-
dependent calcium waves (stimulus-evoked) and basal levels of ATP accumulation 
(clock-controlled).  DMSO (control), suramin (100 µM, Sigma, St. Louis, MO), a 
general P2 purinergic receptor antagonist, PPADS (100 µM, Tocris, Ellisville, MO), a 
selective P2Y receptor antagonist, and BBG (100 nM, Sigma, St. Louis, MO), a selective 
P2X7 receptor antagonist, were added to the medium for 1 hour in 24 well plastic dishes 
before luciferin-luciferase chemiluminescence images were captured with a CCD 
camera.  In evoked ATP accumulation studies, SCN2.2 cells were cultured in glass 
coverslip chamber slides and treated separately with these purinergic antagonists.  
Following incubation with FURA-2 AM, stimulus-evoked calcium waves were elicited 
with a glass micropipette and ratiometric calcium imaging was performed.   
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Determination of Intracellular Calcium Signaling During Clock-Controlled ATP 
Accumulation 
 SCN2.2 cells were plated and ATP accumulation was analyzed via Luc/Luc 
assay as described above.  Resting calcium levels were quantified with FURA-2 AM, a 
fluorescent calcium indicator.  Neurobasal medium samples were collected from each 
glass well at time points T40 and T50.  FURA-2 AM incubation was 1 hour, followed by 
multiple washes of neurobasal medium.  In addition, 8 µM of BAPTA AM, a calcium-
specific chelator (Molecular Probes, Eugene OR), was added to separate cultures at T24.  
FURA-2 AM incubation for 1 hour followed at T40 and T50 time points, respectively.  
Calcium wave studies were carried out on BAPTA AM cultures, as described above.  
Both FURA-2 AM and BAPTA AM cultures were imaged on an inverted Olympus IX70 
microscope and analyzed with SimplePCI 6.0.  FURA-2 AM intensities were quantified 
at both T40 and T50 time points.  Calcium wave area was quantified for BAPTA AM 
studies. 
 
Dependence of Clock-Controlled ATP Accumulation on ER Calcium Stores 
 Cells were plated and analyzed via Luc/Luc assay as described above.  Cells 
experiencing a peak or trough in ATP levels (confirmed by luciferin-luciferase assay) 
were treated separately with thapsigargin (1 µM; Sigma), an inhibitor of the 
sarco/endoplasmic reticulum calcium ATPase, or SERCA.  Ratiometric calcium imaging 
with FURA-2 AM was conducted on all cultures and calcium wave area was analyzed as 
described above. 
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Dependence of Clock-Controlled ATP Accumulation on Cytoplasmic and 
Mitochondrial Calcium 
 Cells were plated and analyzed via Luc/Luc assay as described above.  Since 
ATP is produced in mitochondria and calcium signaling is important to mitochondrial 
function, we quantified mitochondrial calcium levels with RHOD-2 AM, a fluorescent 
indicator of intramitochondrial calcium.  We also quantified cytoplasmic calcium levels 
with FLUO-4 AM, a fluorescent indicator of cytoplasmic calcium.  At certain time 
points T40 and T50, medium samples were collected from each glass well containing 
cells before FLU0-4 AM and RHOD-2 AM incubation for 1 hour.  After 1 hour, glass 
wells were washed out with neurobasal medium multiple times before imaging.  In 
addition, Ru360 (2 µM; Sigma), a specific mitochondrial calcium uptake inhibitor, was 
added to separate SCN2.2 cell cultures at T24.  Since Ru360 does not affect other 
cellular calcium transport processes, the correlation of mitochondrial calcium signaling 
with the clock-controlled ATP accumulation rhythm was directly tested.  Following 
medium sampling at T40 and T50 from separate cultures, Ru360-treated SCN2.2 cells 
were incubated with RHOD-2 AM for 1 hour.  FLUO-4 AM, RHOD-2 AM, and Ru360 
cultures were imaged on an inverted Olympus IX70 microscope and analyzed with 
SimplePCI 6.0.  Fluorescent intensities of FLUO-4 AM, RHOD-2 AM, and Ru360-
treated cultures loaded with RHOD-2 AM were quantified at both T40 and T50 time 
points. 
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Dependence of Clock-Controlled ATP Accumulation on Cell Cycle  
 SCN2.2 cell cultures were grown on plastic 60mm dishes per the sampling 
protocol described above.  Medium samples were taken every four hours for a total of 72 
hours for the luciferin-luciferase assay to determine extracellular ATP accumulation.  At 
T24, the cell cycle inhibitor arabinosylcytosine (AraC), an anti-cancer drug that prevents 
cell division (100 µM; Sigma), was added to select cell cultures.  After addition of AraC, 
medium sampling took place over the next 24 hours.  AraC was then added again at the 
48 hour time point.  Another 24 hours of media sampling commenced to take the cells 
out a full 72 hours.   To test whether AraC was indeed inhibiting the SCN2.2 cells from 
dividing, SCN2.2 cell cultures were plated on glass 2 well chamberslides per the 
imaging protocol described above.  AraC was then added at T24 and medium samples 
were taken from separate cultures at T40 and T50, respectively.  Following medium 
sampling, cell cultures were incubated in DAPI for 5 minutes to mark all cell nuclei as 
well as cell nuclei undergoing mitotic cell division.  After incubation in DAPI, cells 
were washed with neurobasal medium and then examined with an inverted Olympus 
IX70 fluorescence microscope for image capture.  The total number of cell nuclei for 
each treatment group was counted and compared at T40 and T50 time points, 
respectively. 
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Dependence of Clock-Controlled ATP Accumulation on Rhythmic Cell Death 
 Cells were plated and analyzed via Luc/Luc assay as described above.  A 
CaspaTag Pan-Caspase Assay (Millipore) was used to mark active caspase 7 in the cell 
cultures.  In separate cultures at T40 and T50, medium sample was taken and FLICA 
incubation occurred for 1 hour.  After 4-5 washes with neurobasal medium, SCN2.2 
cultures were then incubated in DAPI for 5 minutes.  Following DAPI incubation, cells 
were again washed 4-5 times with neurobasal medium and then imaged with an inverted 
Olympus IX70 microscope.  For each timepoint, the total number of DAPI-positive cells 
were counted to generate a total cell count.  Also, the total number of caspase (FLICA) 
positive cells were counted.  To determine caspase activity at a certain timepoint, the 
total number of caspase-positive cells was divided into the total number of DAPI-
positive cells to establish a ratio of apoptotic activity at that timepoint.  Apoptotic 
activity was compared at the T40 and T50 time points, respectively. 
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CHAPTER III 
 
RESULTS 
 
Characterization of Clock-Controlled and Stimulus-Evoked ATP Accumulation  
SCN2.2 cell cultures were bathed in a Luciferin/Luciferase (Luc/Luc) solution 
and imaged under a cryo-cooled liquid nitrogen CCD camera to determine whether 
stimulation-evoked and basal extracellular ATP accumulation could be distinguished.  
ATP was quantified in 18 independent SCN2.2 cultures following a complete medium 
exchange and 30 minute incubation in the Luc/Luc assay solution.  ATP-dependent 
chemiluminescence was detected in all SCN2.2 cell cultures.  Although luminescence 
intensity varied among the independent cultures tested, all intensities were detectably 
higher than negative control dishes containing cells and no Luc/Luc assay solution or 
assay solution in medium without cells (Figure 1A).   Apyrase, an enzyme that degrades 
ATP, decreased detectable chemiluminescence when added to the culture medium 
during the 30 minute ATP accumulation period.  Luminescence intensity was reduced by 
approximately 97% in apyrase-treated cells when compared to SCN2.2/Luc/Luc controls 
(Fig. 1B), demonstrating that ATP must accumulate extracellularly to drive the 
luciferin/luciferase reaction in this assay.    
 Following quantification of unstimulated basal ATP accumulation, SCN2.2 
cultures bathed in luciferin and luciferase were stimulated by glass microbeads dropped 
from a micropipette (Fig. 2A).  ATP chemiluminescence in the mechanically stimulated 
cells was detected above basal levels of ATP-dependent chemiluminescence.  ATP 
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accumulation was quantified by the generation of an ATP luciferin/luciferase standard 
curve (Fig. 2B).  Basal ATP accumulation ranged from 1 pM to 10 nM in unstimulated 
cultures, similar to an in vivo environment.  Stimulated (evoked) ATP 
chemiluminescence exceeded that of basal SCN2.2 cultures, reaching levels of 50-100 
nM ATP concentration. 
 
  
A 
 
Fig. 1.  The presence of ATP in the culture medium was imperative for functionality of 
the luciferin/luciferase assay.  A) Representative images of individual wells from a 24 
well plate, ATP assay.  The top two wells represent unstimulated SCN2.2 cell cultures 
incubated with luciferin and luciferase to produce a chemiluminescent reaction captured 
by the CCD camera.  The bottom two wells represent negative controls, where SCN2.2 
cells were present but no Luc/Luc (Left) and where no SCN2.2 cells were present but 
Luc/Luc was loaded into the medium (Right).  B) The addition of apyrase (APY), an 
enzyme that degrades ATP, significantly reduced detectable chemiluminescence 
(*p<0.05; n=4).  Error bars represent 95% confidence intervals. 
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Fig. 2.  Stimulation of SCN2.2 cell cultures with glass
chemiluminescence.  A) By dropping glass microbeads
with luciferin and luciferase, ATP chemiluminescenc
CCD liquid nitrogen camera.  Along with a basal, cons
described above, this finding represents a second for
evoked ATP signaling mechanism following the additi
B) ATP luciferin/luciferase assay standard curve of un
cell cultures.  Based on comparisons with known con
(basal) ATP levels quantified by cryo-cooled CCD c
approximately 1 pM up to 10 nM in unstimulated SCN
vivo environment.  Stimulated (evoked) SCN2.2 
exceeded that of basal cultures, reaching levels of 50-1
 
 
Analysis of cAMP Signaling in the Regulation of AT
cAMP-dependent signaling affects the spread 
in astrocytes (Peters et al., 2005).  Here, I tested the hy
modulates ATP gliotransmission in SCN2.2 cell cu
activate adenylate cyclase and elevate cAMP levels.
basal accumulation in SCN2.2 cultures treated wi
Evoked
     1pM 10pM 50pM 100pM  1nM  10nM  50nM  100nM  
 ATP Concentration microbeads led to detectable ATP 
 onto SCN2.2 cell cultures loaded 
e was detected by a cryo-cooled 
titutive ATP signaling mechanism 
m of ATP signaling; a stimulus-
on of glass microbeads. 
stimulated and stimulated SCN2.2 
centrations of ATP, unstimulated 
amera image capture ranged from 
2.2 cell cultures, similar to an in 
cell culture chemiluminescence 
00 nM ATP concentration.  
P Accumulation  
of ATP-dependent calcium waves 
pothesis that cAMP signaling also 
ltures using forskolin (FSK) to 
  The Luc/Luc assay determined 
th FSK and dimethyl sulfoxide 
 29
(DMSO) vehicle.  ATP chemiluminescence in unstimulated cells (i.e., not mechanically 
evoked) was decreased by approximately 50% in cells treated with FSK (p<0.05; n=18) 
in comparison to those treated with DMSO vehicle (n=18) (Fig. 3A, B).  Therefore, 
experimental elevation of cAMP leads to a reduction in basal extracellular accumulation 
of ATP in SCN2.2 cell cultures. 
 SCN2.2 cell cultures were placed on the stage of an inverted fluorescence 
microscope and manually stimulated with a glass micropipette to elicit intercellular 
calcium waves.  Calcium waves were monitored using FURA-2 AM ratiometric imaging 
and the maximum area of calcium wave spread was calculated.  Calcium wave 
propagation of FSK (n=15) and DMSO (n=14) treatment groups was not significantly 
different (p>0.05) (Fig. 3C, D).  Therefore, cAMP-dependent signaling modulates basal 
ATP extracellular accumulation, but not ATP-dependent calcium wave propagation in 
SCN2.2 cell cultures. 
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Fig. 3.  The upregulation of cAMP signaling modulated basal extracellular ATP 
accumulation, but not stimulus-evoked ATP signaling among SCN2.2 cells.  A) 
Representative images of ATP-dependent chemiluminescence in cell cultures either 
treated with control vehicle (0.1% DMSO) or 15 µM forskolin (FSK) taken with a cryo-
cooled CCD liquid nitrogen camera.  B) ATP chemiluminescence intensities were 
significantly reduced in FSK-treated cultures (*p<0.05; n=18) in comparison with 
DMSO-treated SCN2.2 cell cultures (n=18).  C) Representative pseudocolor images of 
stimulation-evoked calcium waves in cell cultures loaded with FURA-2 AM and treated 
with DMSO or FSK.  D) Calcium wave propagation was not significantly different in 
FSK-treated cultures (p>0.05; n=15) in comparison with DMSO (n=14).  Error bars 
represent 95% confidence intervals. 
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Determination of Purinergic Signaling Pathways in Clock-Controlled ATP 
Accumulation 
ATP binds purinergic receptors found on the cell membrane to activate 
intracellular events such as calcium waves.  Therefore, I added purinergic receptor  
antagonists to culture medium to examine their effect on stimulus-evoked calcium wave 
spread and clock-controlled (basal) extracellular ATP accumulation.  Suramin, a general 
P2 purinergic receptor antagonist, and PPADS, a selective P2Y receptor antagonist, but 
not BBG, a selective P2X7 receptor antagonist, reduced the spread of calcium waves in 
SCN2.2 cultures.  Calcium wave spread in Suramin-treated (n=10) and PPADS-treated 
cultures (n=6) was approximately 70% lower than wave spread of control DMSO-treated 
cells (p<0.05; n=14) (Fig. 4).  The propagation of calcium waves and the maximal area 
of waves in BBG-treated cultures was not significantly different than control waves.  
 In contrast to stimulus-evoked calcium waves, the addition of BBG to the 
SCN2.2 cell cultures (n=6) resulted in a 2.5 fold increase in basal extracellular ATP 
accumulation, as indicated by Luc/Luc chemiluminescence, compared to DMSO 
controls (p<0.05; Fig. 5).  Also, the addition of Suramin (n=6) to the cultures caused an 
approximate 90% reduction in extracellular ATP accumulation, a decrease to almost 
untraceable levels.  PPADS treatment (n=6) did not result in a significant change in 
chemiluminescence from controls culture values.  Thus, disparate purinergic receptor-
mediated mechanisms are likely involved in the regulation of basal extracellular ATP 
accumulation and stimulus-evoked ATP release.   
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Fig. 4.  Stimulus-evoked ATP-dependent calcium wave propagation was dependent on 
the P2Y purinergic receptor in SCN2.2 cells.  A) Representative pseudocolor images of 
stimulation-evoked calcium waves in cell cultures treated with DMSO, BBG, Suramin 
(SUR), or PPADS.  Cells were loaded with 8 µM FURA-2 AM prior to imaging.  B) 
Suramin (n=10), a general purinergic receptor antagonist, and PPADS (n=8), a specific 
P2Y receptor antagonist, significantly reduced calcium wave area in SCN2.2 cell 
cultures (*p<0.05).  Error bars represent 95% confidence intervals. 
 
 
Defining Clock-Controlled ATP Accumulation Peaks and Troughs on 2-Well Glass 
Chamberslides 
A few physiological circadian rhythms have been demonstrated for the master 
circadian pacemaker cells located within the suprachiasmatic nuclei (SCN) of the 
mammalian brain.  Recent studies have suggested that SCN2.2 cell cultures and cells of 
the rat SCN in vivo may rhythmically release ATP (Womac et al., 2009).  These authors 
demonstrated a rhythm in ATP accumulation in the culture medium of SCN2.2 cells 
with a period of approximately 24 hours.  Furthermore, a rhythm in extracellular ATP 
accumulation was detected by microdialysis in the rat SCN in vivo that persists in  
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Fig. 5.  Basal extracellular ATP accumulation was affected by P2X receptor antagonism, 
but not P2Y-specific inhibition. A) Representative images of SCN2.2 cell cultures in 24 
well plates treated with DMSO, BBG, Suramin (SUR), and PPADS.  B) BBG-treated 
cultures significantly increased ATP chemiluminescence (*p<0.05; n=12) while 
suramin-treated cultures significantly reduced ATP chemiluminescence (*p<0.05; n=15) 
in comparison to DMSO controls.  The ATP intensity of PPADS was not significantly 
different from DMSO controls.  Error bars represent 95% confidence intervals. 
 
 
constant conditions.  Therefore, rhythms in extracellular ATP accumulation are circadian 
and clock-controlled.  In the present study, I have developed a glass coverslip culture 
system for the coupling of imaging experiments and ATP assay.  By defining the 
rhythmic pattern of ATP accumulation in this approach, specific peaks and troughs in 
ATP accumulation in vitro could be targeted. 
 Luc/Luc assays on media samples revealed robust and consistent ATP trough and 
peak time points at approximately 18 to 24h, 30-36h, 40-46h, and 50-56h from the final 
serum reduction into neurobasal medium (considered time=0) (Fig. 6A).  Although the 
phase relationships of peak and trough ATP levels, as determined from media samples, 
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were variable from experiment to experiment, they consistently occurred at 12 hour 
intervals from time zero.  Therefore, experimental time points are referred to hereafter as 
peak ATP and trough ATP, as verified by luminometry.  Cell cultures derived from the 
same passage and handled identically exhibited consistent phase-locked ATP rhythms 
such that group mean luminescence intensity was significantly greater at peak versus 
trough time points (Fig. 6B). 
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Fig. 6.  Extracellular ATP accumulation in glass chamberslide cultures consistently 
exhibited ATP peaks and troughs with 24 hour periodicity.  A) Representative ATP 
chemiluminescence of one replicate SCN2.2 cell culture whose medium was sampled 
every two hours for luciferin/luciferase assay.  B) Parallel cultures that were cultured 
and assayed simultaneously were all in phase as shown by a significant 2-fold increase 
in ATP-dependent chemiluminescence between the T40 time point and the T50 time 
point across all cultures (*p<0.05; n=6).  Error bars represent 95% confidence intervals.  
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Resting Cytoplasmic Calcium Signaling and Clock-Controlled ATP Accumulation 
Stimulus-evoked ATP release from astrocytes is vesicular and calcium-mediated 
(Fumagalli et al., 2003; Pascual et al., 2005).  Therefore, I investigated whether calcium 
signaling plays a role in the circadian-regulated, basal accumulation of extracellular 
ATP.  SCN2.2 cells were grown to confluence on glass coverslip chamberslides, loaded 
with FURA-2 AM, a cytoplasmic calcium fluorophore, and imaged at both the ATP 
trough and ATP peak time points, as confirmed by luminometry.  Resting cytosolic 
calcium levels were significantly higher at the ATP trough (p<0.05; n=4) than at the 
ATP peak (n=4) (Fig. 7), indicating an inverse relationship between extracellular ATP 
accumulation and resting calcium levels in SCN2.2 cultures. 
 To determine a direct correlation between extracellular ATP and cytoplasmic 
calcium levels, BAPTA AM, a calcium specific chelator, was added to the medium of 
SCN2.2 cell cultures.   After cells were loaded with FURA-2 AM, calcium wave 
imaging was conducted at both the peak and trough ATP time points (Fig. 8).  At peak 
ATP accumulation, the calcium wave spread of the BAPTA-treated cell cultures was 
approximately 60% reduced compared to waves in control SCN2.2 cell cultures (p<0.05; 
n=4).  At the trough ATP time point, the calcium wave spread of the BAPTA-treated cell 
cultures was approximately 50% lower than controls (p<0.05; n=4).  Although calcium 
wave area was decreased by BAPTA calcium chelation, BAPTA-treated cultures 
exhibited ATP troughs and ATP peaks in a similar phase relationship to control cultures, 
although the amplitude of ATP-dependent chemiluminescence was dampened.  
 36
Therefore, chelation of cytoplasmic calcium does not dramatically alter rhythmic ATP 
accumulation. 
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Fig. 7.  The resting calcium levels among SCN2.2 cells were significantly different 
between ATP trough and ATP peak time points.  A) Representative pseudocolor images 
of resting cytosolic calcium ([Ca2+]cyt) in cultures loaded with 8 µM FURA-2 AM at 
ATP trough and ATP peak time points.  B) Resting calcium levels were significantly 
different at the ATP trough and the ATP peak time point across all cultures (*p<0.05; 
n=4). C) ATP-dependent chemiluminescent assay revealed a defined ATP trough and 
ATP peak.  Error bars represent 95% confidence intervals.  
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Fig. 8.  The addition of BAPTA-AM, a calcium chelator, to SCN2.2 cell cultures led to a 
decrease in calcium wave area and dampened ATP rhythm.  A) The area of the calcium 
waves of the BAPTA-treated SCN2.2 cell cultures was significantly reduced compared 
with the area of the control calcium waves at both ATP trough and ATP peak time points 
(*p<0.05; n=12).  B) ATP peak and trough existed for both control and BAPTA-treated 
SCN2.2 cell cultures (n=4).  However, the amplitude of the ATP accumulation rhythm 
was dampened in the BAPTA-treated cultures.  Error bars represent 95% confidence 
intervals.  
 
 
Clock-Controlled ATP Accumulation Is Not Dependent on ER Calcium Stores 
The endoplasmic reticulum (ER) is a multifaceted organelle that regulates protein 
synthesis and trafficking, cellular responses to stress, and intracellular calcium levels.  
Since the ER is important in triggering, propagating, and modulating calcium waves 
among astrocytes (Charles et al., 1991),  I quantified calcium wave area after loading 
SCN2.2 cell cultures with 1 µM thapsigargin (TG).  At the ATP trough, the calcium 
wave area was significantly decreased in TG-treated cultures (p<0.05; n=12) (Fig. 9).  It 
is interesting to note that while calcium wave area was decreased by TG at the ATP 
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trough time point, TG had no obvious effect on ATP accumulation or the phase 
relationship of the clock-controlled ATP accumulation rhythm. 
 
 
Fig. 9.  The addition of thapsigargin, an inhibitor of SERCA pumps, to SCN2.2 cell 
cultures led to modulation in calcium wave area.  A) At the ATP peak, the calcium wave 
area was significantly decreased in thapsigargin-treated cultures compared with controls 
(*p<0.05; n=12).  B) While calcium wave area was decreased by thapsigargin at the 
ATP peak time point, thapsigargin had no obvious effect on the phase relationship of the 
clock-controlled ATP rhythm, although the amplitude of extracellular ATP was 
moderately elevated at both peak and trough time points in thapsigargin-treated cultures.  
Error bars represent 95% confidence intervals.  
 
 
 
Dependence of Clock-Controlled ATP Accumulation on Cytoplasmic and 
ced in the mitochondria and calcium signaling is important to 
mitoch
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Mitochondrial Calcium 
Since ATP is produ
ondrial function, we quantified mitochondrial calcium levels with Rhod-2 AM, a 
fluorescent indictor of calcium, while monitoring cytoplasmic calcium levels with 
FLUO-4 AM (Fig. 10).  At the ATP trough, as determined by media sample 
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luminometry, cytoplasmic calcium, consistent with the previous FURA-2 experiment, 
was significantly reduced at the ATP peak time point (p<0.05; n=6).  However, 
mitochondrial calcium was increased by approximately 5-fold at the ATP peak time 
point (p<0.05; n=6). 
Ru360, a specific inhibitor of the mitochondrial calcium uniporter, was added to 
SCN2.2 cell cultures.  Since Ru360 does not affect other cellular calcium transport 
processes, the correlation of mitochondrial calcium signaling with the clock-controlled 
ATP accumulation rhythm was directly tested.  The addition of Ru360 to SCN2.2 cell 
cultures resulted in a significant decrease of extracellular ATP chemiluminescence at 
both trough and peak ATP time points (p<0.05; n=10) (Fig. 10D).  These studies 
demonstrate that peaks in clock-controlled extracellular ATP accumulation are 
correlated with elevations in mitochondrial calcium accumulation, whereas troughs in 
ATP accumulation are coincident with periods of elevated cytosolic calcium levels.  
Therefore, pharmacological disruption of the mitochondrial calcium uniporter, and 
thereby ATP production, abolishes rhythmic extracellular ATP accumulation.  
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Fig. 10.  Cytoplasmic calcium levels were low when extracellular ATP accumulation was 
high, while mitochondrial calcium levels correlated with extracellular ATP accumulation 
levels.  A) Representative images of SCN2.2 cell cultures loaded with Fluo-4 AM, a 
fluorescent cytoplasmic calcium marker, and RHOD-2 AM, a fluorescent mitochondrial 
calcium indicator, at the ATP trough (TR) and ATP peak (PK) time points.  B) At the ATP 
trough time point cytoplasmic calcium intensities were significantly greater than those at the 
ATP peak time point (*p<0.05; n=4).  Mitochondrial calcium handling is the opposite of 
cytoplasmic calcium handling, as mitochondrial calcium levels are significantly reduced at 
the ATP trough in comparison to mitochondrial calcium levels at the ATP peak (*p<0.05; 
n=4).  C) The luciferin/luciferase assay confirmed that ATP troughs and ATP peaks are 
present in both media samples of FLUO-4 AM and RHOD-2 AM experimental cultures.  D) 
Ru360, a specific mitochondrial calcium uniporter inhibitor, abolished extracellular ATP 
accumulation and created a loss of the phase relationship between the ATP trough and ATP 
peak time points (*p<0.05; n=8).  Error bars represent 95% confidence intervals. 
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Clock-Controlled ATP Accumulation Is Not Dependent on Cell Cycle  
ATP (Marcussen and Larsen, 1996), calcium (Baran, 1996), and the biological 
clock (Gery et al., 2006) can each affect cell division.  Consequently, it was important to 
explore whether antagonizing cell division would abrogate rhythmic ATP accumulation.  
SCN2.2 cell cultures were grown on plastic 60mm dishes and medium samples were 
collected every four hours for a total of 72 hours.  At 24 hours of culture and thereafter, 
cultures were treated with the cell cycle inhibitor, AraC.  The control (untreated) cultures 
(n=5) yielded ATP peaks approximately 24 hours apart (Fig. 11).  Pharmacologically 
disrupting the cell cycle with AraC did not affect the extracellular ATP accumulation 
 
A B
Control AraC 
 
Fig. 11.  Pharmacological disruption of the cell cycle with AraC did not affect rhythmic 
extracellular ATP accumulation.  A) Single representative control SCN2.2 cell culture  
showed peaks in ATP accumulation in culture medium with approximately 24 hour 
periodicity (n=5).  B) The addition of AraC, an anti-cancer drug used to inhibit cell 
division, did not significantly change the circadian ATP accumulation rhythm; 
extracellular ATP peaks of approximately 24 hours persist in the presence of the 
inhibitor. 
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rhythm, as ATP peaks with approximately 24 hour periodicity persisted in AraC-treated 
cultures (n=7). 
 To confirm that the SCN2.2 cell cycle was indeed being antagonized by AraC, 
SCN2.2 cell cultures were imaged for cell count and chromatin analysis using DAPI 
stain to mark cell nuclei.  Addition of AraC to the cultures caused a significant decrease 
in overall cell count when compared to control untreated cultures (p<0.05; n=8) (Fig. 
12).  However, the ATP trough and ATP peak were still present in AraC-treated cultures, 
despite disruption of the cell cycle.  Thus, cell cycle events were not mechanistically 
linked to generation of the rhythmic accumulation of ATP in culture medium; that is, 
extracellular ATP accumulation is not a byproduct of rhythmic cell division.  
 
Clock-Controlled ATP accumulation Is Not Dependent on Rhythmic Cell Death 
Both purinergic and mitochondrial calcium signaling have been implicated in cell 
death processes (Locovei et al., 2007; Hajnoczky et al., 2006).  Increases in 
mitochondrial matrix calcium evoked by calcium mobilizing agonists play a 
fundamental role in the physiological control of cellular energy metabolism as well as 
apoptosis, because these calcium signals elicit cytochrome c release which activates 
caspases.  Recently, cytochrome c gene regulation has been discovered to be circadian in 
rat SCN cells (Menger et al, 2005).  I was interested in exploring the possible correlation 
between caspase activity and the SCN2.2 basal ATP accumulation rhythm.  Therefore, I 
used a Pan-Caspase assay to fluorescently mark caspases at the time points associated 
with peaks and troughs of extracellular ATP accumulation.  There was no correlation  
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between caspase activity and extracellular ATP accumulation levels (Fig. 13).  The ratio 
of caspase-positive cells over the total number of cells determined by DAPI staining was 
not significantly different between the time points.  Therefore, clock-controlled 
extracellular ATP accumulation was not a byproduct of rhythmic cell death.  
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Fig. 12.  Pharmacological disruption of the cell cycle with AraC affected cell number, 
but not rhythmic ATP accumulation. A) Representative images of control and AraC-
treated (ARA) SCN2.2 cultures. (From left to right: 20X DIC, 20X DAPI, and 20X 
DIC/DAPI merged images).  B) Addition of AraC inhibited cell division, leading to 
significantly reduced cell counts compared to control (*p<0.05; n=8).  C) The ATP 
trough and ATP peak are present in both control and AraC-treated SCN2.2 cultures.  
Error bars represent 95% confidence intervals. 
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Fig. 13.  Caspase activity did not correlate with cell count nor ATP levels.  A) 
Representative images of SCN2.2 cultures on 2-well glass chamberslides at ATP trough.  
(Clockwise from upper left: 20X DIC, 20X DAPI, 20X FLICA, and 20X 
DIC/DAPI/FLICA merged images). B) Representative images of SCN2.2 cultures on 2-
well glass chamberslides at ATP peak.  (Clockwise from upper left: 20X DIC, 20X 
DAPI, 20X FLICA, and 20X DIC/DAPI/FLICA merged images). C) There was no 
difference in caspase activity between the ATP trough and the ATP peak (p>.05; n=8).  
D) The presence of an ATP trough and ATP peak was confirmed using the Luc/Luc 
assay.  Error bars represent 95% confidence intervals.  
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CHAPTER IV 
CONCLUSIONS 
 
The circadian timing system regulates many aspects of an organism’s behavior 
and physiology.  In mammals, the part of the nervous system responsible for most 
circadian behavior can be found in the paired suprachiasmatic nuclei (SCN) of the 
hypothalamus.  Importantly, when these nuclei are excised and maintained in brain slice 
culture, they continue to generate 24 hour rhythms in physiology and gene expression.  
The mechanism responsible for the generation of these rhythms is inherent to individual 
cells in the SCN (Welsh et al., 1995).  The core molecular mechanism driving these 
cellular oscillations is a negative feedback loop operating at the level of 
transcription/translation (Reppert, 1998).  Conceptually it is important to think of the 
circadian system as having three components: (1) a multicellular clock responsible for 
the generation of the daily rhythm, (2) input pathways by which the environment and 
other components of the nervous system provide information to the clock, and (3) output 
pathways by which the multicellular clock provides temporal information to a wide 
range of physiological and behavioral control centers.  Nevertheless, the path by which 
environmental signals travel to the oscillatory mechanism and by which the oscillatory 
mechanism regulates other physiological processes clearly travels through the cell 
membrane.  The circadian interplay between critical signaling processes is thought to be 
a widespread feature of circadian timing systems (Pearson et al., 2002; Rascher et al., 
2001; Wijnen and Young, 2006).  The present study implicates purinergic signaling at 
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the SCN cell membrane and intra/intercellular calcium signaling mechanisms as 
important elements of the SCN biological clock.  
 
Characterization of Two ATP-Dependent Signaling Processes in SCN2.2 Cells 
In the present study, varied approaches were utilized to confirm the existence of 
two independent ATP-dependent signaling processes in SCN2.2 cells: (1) clock-
controlled ATP accumulation and (2) ATP-dependent stimulus-evoked gliotransmission. 
ATP accumulation in SCN2.2 cell cultures is rhythmic (Womac et al., 2009) and these 
results were confirmed in the present study.  This clock-controlled ATP accumulation 
rhythm exhibited ATP levels of ~1 pM at its trough and ~5-10 nM at its peak time point 
in unstimulated cells.  A circadian rhythm in resting cytosolic calcium levels was found 
to oscillate in antiphase to peaks and troughs in extracellular ATP accumulation, a 
finding perhaps inconsistent with a role for cytoplasmic calcium signaling in clock-
controlled ATP release.    
There are many areas of current interest in the rapidly expanding purinergic 
signaling field that are controversial and unresolved.  One of these areas actively debated 
is the precise transport mechanism(s) involved in ATP release.  There is compelling 
evidence for exocytotic vesicular release of ATP from the active zones of nerve 
terminals.  Vesicular release of ATP is thought to mediate stimulus-evoked calcium-
dependent purinergic signaling among astrocytes (Pangrsic et al., 2007).   Still, the 
mechanisms for ATP release from nonneuronal cells remain controversial and various 
transport mechanisms have been proposed, including ATP-binding cassette (ABC) 
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transporters, connexin, or pannexin hemichannels or possibly plasmalemmal voltage-
dependent anion and P2X7 receptor channels (Bodin and Burnstock, 2001; Dahl and 
Locovei, 2006; De Vuyst et al., 2006; Lazarowski et al., 2003; Sabirov and Okada, 2005; 
Schwiebert and Zsembery, 2003; Spray et al., 2006).   
 In this model of ATP-dependent gliotransmission, released and extracellularly 
accumulated ATP binds to P2Y receptors on neighboring cells.  This P2Y receptor 
activation leads to activation of an IP3-dependent signaling mechanism and the elevation 
of resting calcium levels via release from intracellular ER stores (Charles et al., 1991).  
Elevation of calcium levels elicits a calcium-dependent vesicular release of ATP, which 
in turn evokes calcium responses in neighboring astrocytes, often generating an 
intercellular astrocytic calcium wave.  In agreement with these studies, stimulation-
evoked calcium waves among SCN astrocytes were significantly reduced by a P2Y 
receptor antagonist (PPADS).  On the contrary, clock-controlled ATP accumulation was 
not affected by this P2Y antagonist; rather, the P2X7 receptor antagonist, BBG, 
significantly increased this rhythmic ATP accumulation.   
The P2X7 receptor is unique among members of the ionotropic P2XR family 
because it has a long COOH terminus (~32 kDa) that provides sites for protein-protein 
interactions (Kim et al., 2001a; Kim et al., 2001b).  The diversity of molecules found to 
interact with the P2X7 receptor includes laminin, actin, actinin, integrins, 
phosphatidylinositol 4-kinase, and receptor protein phosphatase (Kim et al., 2001a); 
however, the functional significance of such associations remain unclear.  Overall, 
caution must be used when interpreting the effects of BBG on clock-controlled ATP 
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signaling because the BBG-specific mechanisms of antagonizing P2X7 receptor 
signaling are unresolved.  With that said, some aspect of P2X7 receptor signaling is 
likely involved in clock-controlled ATP accumulation.  These experiments implicate two 
ATP-dependent signaling processes in SCN2.2 cell cultures: clock-controlled ATP 
accumulation and stimulation-evoked ATP accumulation. The existence of multiple 
purinergic signaling pathways may be needed, among other things, to regulate basal 
metabolic activities of the cell (clock-controlled ATP accumulation) or paracrine 
processes which vary depending on the characteristics of the stimulus (stimulation-
evoked ATP accumulation).   
ATP is converted to cyclic AMP (cAMP) by the enzyme adenylyl cyclase (AC).  
Recently, it was concluded that circadian pacemaking in mammals is sustained, and its 
canonical properties of amplitude, phase, and period are determined by a reciprocal 
interplay in which transcriptional and posttranslational loops drive rhythms of cAMP 
signaling, and that changes in cAMP signaling, in turn, regulate transcriptional cycles 
(O’Neill et al., 2008).  Furthermore, the gene encoding the AC protein is rhythmically 
expressed in rat SCN cells (Menger et al., 2005).  By utilizing pharmacological 
techniques to modulate AC activity, the effect of cAMP second messenger signaling on 
ATP accumulation was explored.  Here, I demonstrated that cAMP levels affect clock-
controlled ATP accumulation.  Specifically, extracellular ATP accumulation was 
reduced by pharmacological elevations of AC activity.  These findings indicate an 
interaction between cAMP and ATP signaling in the regulation of circadian pacemaker 
activity.  Such an interaction is not too difficult to envision as ATP is the substrate used 
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in AC production of cAMP.  In contrast to clock-controlled ATP accumulation, ATP-
dependent calcium waves were not significantly affected by cAMP manipulation.   
 
Calcium Signaling Mediates Clock-Controlled ATP Gliotransmission 
 Information about diverse physiological and developmental events is transmitted 
through changes in the cytosolic concentration of free calcium ions ([Ca2+]i), which often 
occur in oscillatory patterns of various amplitudes, frequencies, and durations (Allen and 
Schroeder, 2001; Berridge et al., 2003).  Most calcium signals are brief, lasting from 
milliseconds to minutes.  However, in both plants and animals, researchers have 
discovered slow [Ca2+]i oscillations that spans an entire day (Johnson et al., 1995; 
Colwell, 2000).  These circadian [Ca2+]i  oscillations are arguably some of the most 
stable [Ca2+]i signals found in nature, in terms of their period and phase (Love et al., 
2004).  Here I have demonstrated that resting calcium levels oscillate in SCN2.2 cell 
cultures with cytosolic calcium concentration lowest when extracellular ATP 
accumulation is high.  In turn, intracellular calcium is highest when ATP accumulation is 
low.  Two separate calcium imaging studies, one using FURA-2 AM ratiometric analysis 
and the other using monochromatic FLUO-4 AM analysis, both demonstrated a 60% 
difference in resting calcium amplitude between the ATP peak and trough, an estimated 
100 nM circadian calcium oscillation.  My results with SCN2.2 cells are similar to SCN 
slice preparation studies, where circadian oscillations in resting calcium were observed 
with peak levels occurring during the day and trough levels during the night (Colwell, 
2000).  Furthermore, extracellular ATP accumulation is highest at night and lowest 
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during the day in the rat SCN in vivo (Womac et al., 2009).  Since peak resting calcium 
levels in SCN2.2 cell cultures occurred when extracellular ATP accumulation was low, 
these results imply that cytoplasmic calcium signaling may not be an immediate 
regulator for clock-controlled ATP release.   
 Taken together, several lines of evidence from my studies support the idea that 
clock-controlled, extracellular ATP accumulation is regulated by cell signaling 
mechanisms that differ from those mediating stimulus-evoked ATP gliotransmission.  
First, elevations in cytoplasmic calcium trigger stimulated ATP gliotransmission, yet 
cytoplasmic calcium is lowest when clock-controlled ATP release is at peak amplitude.  
Second, stimulated ATP release involved in calcium wave propagation is P2Y receptor-
dependent, whereas rhythmic ATP accumulation is not and may involve P2X receptor 
signaling.  Third, and finally, manipulation of cellular cAMP levels affects clock-
controlled ATP release in SCN2.2 cells, but does not alter the spread of ATP-dependent 
calcium waves. 
While cytoplasmic calcium has been implicated in the spread of ATP-dependent 
astrocytic calcium waves (Charles et al., 1991), the present study set out to identify 
possible links between calcium signaling and the clock-controlled ATP accumulation 
rhythm.  Recent advances have allowed intracellular free calcium concentrations to be 
examined not just at the level of a single cell, but within subcellular compartments and 
organelles (Rutter et al., 1998).  For example, mitochondria function as calcium stores, 
dynamically participating in physiological calcium homeostasis (Nicholls, 1978; 
Griffiths and Rutter, 2009).  Mitochondrial calcium has also been recognized as a 
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potential regulator of metabolism for 50 years, since Krebs discovered that it activated 
phosphorylase kinase in 1959 (Krebs et al., 1959).  In the present study, the role of 
mitochondria in the circadian generation of this clock-controlled ATP accumulation 
phenomenon was considered.  A RHOD-2 AM imaging study determined that when 
mitochondrial calcium ([Ca2+]m) is raised, clock-controlled ATP accumulation is 
simultaneously elevated.  Further, when [Ca2+]m is low, extracellular ATP accumulation 
is low.  Therefore, in stark contrast to cytoplasmic calcium, mitochondrial calcium levels 
are directly correlated with clock-controlled ATP accumulation.  The ATP accumulation 
peaks described in the present study as well as previous reports (Womac et al., 2009) 
have shown a very sharp rise and fall in amplitude.  Interestingly, mitochondrial calcium 
accumulation in intact cells is similarly transient (Rizzuto et al., 1993).  The unexpected 
high rate of this process in intact cells could, in principle, be due to a cytosolic (possibly 
clock-controlled) factor sharply increasing the affinity or maximal activity of the 
mitochondrial uniporter.  The circadian clock in SCN2.2 cells influences mitochondrial 
energy transduction through the rhythmic expression of mitochondrial ATP synthase 8 
(mt-atp8) and calcium transporting ATPase (Atp2a3) (Menger et al., 2005). 
 To further explore the role of mitochondrial calcium signaling in the generation 
of clock-controlled ATP accumulation, SCN2.2 cells were treated with Ru360, an 
inhibitor of the mitochondrial calcium uniporter that controls mitochondrial calcium 
uptake.  ATP chemiluminescence at both trough and peak time points was abolished in 
Ru360-treated SCN2.2 cells. Wu et al. (2007) demonstrated that Ru360 significantly 
decreases basal ATP content in astrocytes.  Therefore, sequestering of calcium in the 
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mitochondria is necessary for clock-controlled purinergic signaling in SCN2.2 cell 
cultures, since its disruption leads to the abolishment of clock-controlled ATP 
production.  It is worth noting that intracellular ATP content in rat SCN cells in vivo is 
also rhythmic with peak levels detected at night (Yamazaki et al., 1994), the same phase 
relationship demonstrated for extracellular ATP rhythms in the rat SCN (Womac et al., 
2009). 
 The endoplasmic reticulum (ER) represents another store of releasable calcium in 
the cell, with a free resting calcium concentration in the range of a few hundreds of µM, 
which is approximately 2-3 orders of magnitude higher than cytosolic levels (Hofer and 
Schulz, 1996).  The resting calcium concentration in the ER is maintained as a balance 
of calcium uptake and calcium leak.  Calcium uptake is mediated by pumps that belong 
to the sarcoplasmic-endoplasmic type of calcium ATPases (SERCA type).  Using 
thapsigargin, an inhibitor of SERCA pumps, I demonstrated that while the spread of 
stimulus-evoked calcium waves is affected, the phase of the clock-controlled 
extracellular ATP accumulation rhythm is not.  These data support the idea that SERCA 
pumps in SCN2.2 astrocytes are thapsigargin-sensitive and stimulation-evoked ATP-
dependent gliotransmission in the SCN is dependent on SERCA pumps.  However, at 
least the maintenance of clock-controlled ATP accumulation rhythms and their phase is 
apparently not dependent on ER calcium stores.  
 In the present study, cytoplasmic calcium was modulated with BAPTA-AM, a 
cytoplasmic calcium chelator to determine if the chelation of calcium disrupts the clock-
controlled ATP accumulation rhythm.  While a significant decrease of calcium wave 
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area was caused by chronic exposure of SCN2.2 cell cultures to BAPTA-AM, rhythms 
in calcium wave area and ATP accumulation persisted.  Previous research in our lab has 
shown that clock-controlled extracellular ATP accumulation is correlated with 
significant rhythms in gliotransmission; that is, calcium wave areas were smaller when 
extracellular ATP was high and vice versa (Cox, 2007). In agreement with these studies, 
the Luc/Luc ATP chemiluminescence assay confirmed that endogenous extracellular 
ATP levels were greater when the calcium waves were small.  Moreover, BAPTA-AM 
caused a dampening of the ATP accumulation rhythm.  These results suggest the 
existence of an interaction between stimulus-evoked and clock-controlled 
gliotransmission, possibly manifested by a rhythm in the purinergic responsiveness of 
SCN2.2 cells (Cox, 2007).  I have demonstrated here that ATP and calcium waves are 
both rhythmic and inversely correlated in cycling SCN2.2 cell cultures and that rhythm 
is not dramatically affected by chelation of cytoplasmic calcium for over 24 hours.  
Although a direct regulation of purinergic receptor gene expression by the clock is 
possible, or even likely, an equally plausible explanation is that accumulating 
extracellular ATP levels lead to the desensitization of purinergic receptors.  This would 
create a state of reduced purinergic responsiveness at the peak of the ATP accumulation 
rhythm, when ATP-dependent calcium waves are reduced in magnitude.   
At the ATP trough time point, cytoplasmic calcium levels are high and calcium 
wave area is the largest.  Calcium wave propagation is dependent on vesicular release of 
ATP (Bowser and Khakh, 2007) and there is evidence that mitochondrial calcium 
buffering modulates ATP exocytosis (Giovannucci et al., 1999; Reyes and Parpura, 
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2008).  This buffering regulates processes dependent on local cytoplasmic calcium 
concentration, particularly the flux of calcium through IP3-gated channels of the ER and 
the channels mediating capacitative calcium influx through the plasma membrane 
(Duchen, 2000).  With ATP production at the trough limited because mitochondrial 
calcium levels are lowered, there is more cytoplasmic calcium available to facilitate 
calcium-mediated fusion of ATP vesicles, refill ER calcium stores, and therefore 
enhance the spread of ATP-dependent calcium waves.  
 
Consequences of Clock-Controlled ATP Signaling 
Calcium signaling is integral to both clock-controlled ATP accumulation and 
stimulation-evoked ATP gliotransmission.  Shifts in intracellular calcium handling 
between the cytoplasm and mitochondria may be mechanistically linked to clock-
controlled ATP signaling in SCN cells.  Therefore, I hypothesize that at late night in the 
rat SCN, when cytosolic calcium is low and extracellular ATP accumulation is high, 
calcium has been sequestered to the mitochondria, activating dehydrogenase enzymes to 
increase NADH and subsequently ATP production.  At this time, stimulus-evoked ATP 
gliotransmission will be less effective.  However, extracellular ATP will be converted by 
ectonucleotidases to adenosine.  Elevated adenosine signaling, through specific classes 
of purinergic receptors, will impact primarily neighboring neurons, rather than glia.  
Since adenosine is known to be a regulator of sleep/wake homeostasis, this late night 
clock-controlled signaling is perfectly timed for a rat headed into its diurnal sleep phase.  
Furthermore, as mitochondrial calcium signaling is necessary to maintain the circadian 
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ATP rhythm, clock-controlled ATP gliotransmission is ideally positioned as a signaling 
link between metabolic homeostasis and sleep/wake regulation. 
Along with the ATP accumulation and resting calcium rhythms, an important 
rhythm to consider is glucose uptake.  SCN2.2 cells are capable of endogenously 
generating circadian rhythms in 2-deoxyglucose uptake (Earnest et al., 1999).  Glucose 
demands change during a 24 hour light/dark cycle and glucose metabolism is modulated 
by the SCN in a rhythmic fashion, independent of the SCN’s strong influence on food 
intake.  It was recently demonstrated that 2-DG uptake in SCN2.2 cells coincides with 
peak time points of ATP accumulation (Cox, 2007).  The uptake of 2-NBDG, a 
fluorescent glucose analog, was higher at the ATP peak time point in the clock-
controlled ATP rhythm, as compared to the ATP trough time point.  Thus, ATP appears 
to accumulate in the extracellular medium of SCN2.2 cell cultures during the same time 
that these cultures experience high glucose uptake.  Again, these observations support a 
role for ATP signaling in the clock-control of brain metabolism. 
 As described earlier, ATP levels in the rat SCN in vivo remained low throughout 
the daytime and the first half of the night, rapidly increasing near the middle of the dark 
phase is phase-locked to circadian oscillations in glucose uptake.  However, SCN resting 
cytosolic calcium oscillations are locked in antiphase (Fig. 14).  With a recent revelation 
that the circadian cycle is linked directly to the metabolic cycle, the integration of clock-
controlled ATP signaling and metabolism begs further exploration (Rutter et al., 2002).  
First, transcriptional profiling studies indicate that the expression of genes involved in 
ATP signaling and metabolic pathways is similarly clock-controlled in SCN2.2 cell 
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cultures and the SCN in vivo (Menger et al., 2005; Panda et al., 2002).  The circadian 
clock in SCN2.2 cells influences mitochondrial energy transduction through the 
rhythmic expression of mitochondrial ATP synthase 8 (mt-atp8) and calcium 
transporting ATPase (Atp2a3), and affects glucose metabolism by regulating energy 
transduction through the rhythmic expression of malic enzyme 1 (Me1), hexokinase 2 
(Hk2), and glyoxylate reductase/hydroxypyruvate reductase, an enzyme that mediates 
the conversion of serine to glucose.  Second, cellular content of ATP (Yamazaki et al., 
1994) and cAMP (Prosser and Gillette, 1989) oscillate on a circadian basis and adenylyl 
cyclase, type III (Adycy3) is rhythmically expressed in the rat SCN (Menger et al., 2005) 
(Fig. 15).  
 
Clock-Controlled ATP Gliotransmission Is Neither a Byproduct of Cell Cycle Nor 
Cell Death 
 Although normally quiescent, astrocytes in the adult nervous system have the 
ability to proliferate.  Extracellular ATP can enhance the mitogenic activity of 
polypeptide growth factors.  In astrocytes, it has been shown that extracellular ATP 
markedly increases FGF2-induced mitogenesis (Neary et al, 2005).  However, little is 
known about the interactive effects of extracellular nucleotides and growth factors on 
cell cycle regulatory mechanisms.  Data from the present study indicate that the clock-
controlled ATP rhythm is not a byproduct of rhythmic cell division.  Arabinosylcytosine 
(AraC), an anti-cancer drug that affects cells when they are undergoing cell division, did 
not affect clock-controlled ATP accumulation, which maintained a circadian rhythm of 
 57
 
 
Fig. 14.  Proposed temporal relationship between resting cytosolic calcium and ATP 
accumulation in the rat SCN.  Intercellular communication among SCN cells can be 
functionally shifted to accommodate daytime versus nighttime physiological needs.  In 
the middle of the night, clock-controlled ATP accumulation and glucose utilization is 
highest when this nocturnal animal is most active.  Resting calcium levels peak during 
the diurnal rest phase, in precise antiphase to the ATP and 2-DG rhythms.   
ATP accumulation Cytosolic calcium 
2-DG uptake 
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Fig. 15.  The circadian clock in SCN2.2 cells influences components of the clock-
controlled ATP accumulation rhythm through rhythmic gene expression.  The circadian 
clock influences energy transduction through the rhythmic expression of mitochondrial 
ATP synthase 8 (mt-atp8) and calcium transporting ATPase (Atp2a3), purinergic 
signaling through the expression of P2X-like 1 receptor (P2rxl1), and cAMP activity 
through rhythmic expression of adenylyl cyclase type III (Adcy3).   
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approximately 24 hours.  Of additional concern, calcium signal propagation to the 
mitochondria can also initiate cell death through the opening of the permeability 
transition pore (PTP),  which occurs when the ER calcium release is enhanced or is 
coincident with sensitization of the PTP (Hajnoczky et al., 2006).  Several pro-apoptotic 
factors, including members of the Bcl-2 family proteins and reactive oxygen species 
(ROS) regulate the calcium sensitivity of both the calcium-release channels in the ER 
and the PTP in the mitochondria (Chen et al., 2004; Zorov et al., 2000).  In the present 
study, I demonstrated that caspase-7 activity is not correlated with ATP accumulation 
rhythms in SCN2.2 cell cultures, where only 2% of all cells were apoptotic at a given 
time point.  Therefore, the clock-controlled extracellular ATP accumulation rhythm is 
not a byproduct of rhythmic cell cycle or cell death in this culture system.   
 
Characterization of Rhythmic Physiological Outputs in SCN2.2 Cultures 
 The present study involved the development of standardized protocols to 
characterize ATP accumulation and calcium imaging in mitochondria and cytoplasm 
during both clock-controlled and stimulus-evoked ATP accumulation gliotransmission in 
SCN2.2 cell cultures.  The quantification of ATP accumulation in live cells over a time 
series of multiple circadian cycles allowed the establishment of the ATP accumulation 
rhythms to be examined together with critical cell pathways.  The further development 
of the SCN2.2 culture model of the mammalian pacemaker, with verifiable time points 
for the study of physiological outputs, establishes a stable tool for in vitro analysis of 
clock-controlled neural signaling.     
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Summary 
The current study has identified two disparate mechanisms of ATP signaling: 
clock-controlled ATP accumulation and stimulus-evoked ATP-dependent 
gliotransmission.  I argue that the clock-controlled ATP rhythm is mechanistically linked 
to the brain’s metabolic function, such that at late night, mitochondrial calcium levels are 
raised, leading to greater production of ATP, perhaps as a signal for the approaching 
sleep phase.  Though stimulus-evoked ATP gliotransmission may not be directly 
regulated by clock-controlled processes, there are likely certain components of its 
signaling cascade imposed upon by the clock.   
In summary, clock-controlled ATP accumulation and stimulus-evoked ATP are 
disparate signaling mechanisms in SCN2.2 cultures and regulated by different purinergic 
components.  Calcium signaling is important to the function of both these two purinergic 
signaling processes.  Clock-controlled ATP accumulation is not a byproduct of cell cycle 
or cell death.  It will be important in future studies to determine the specific functions 
and mechanisms of circadian ATP signaling, as such findings will be crucial to a 
complete understanding of circadian timekeeping by the SCN.    
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